Background and purpose
Introduction
As one of the most prevalent neurological diseases, epilepsy affects more than 50 million people worldwide with a higher prevalence rate in low-income countries [1] . A meta-analysis reports that the median prevalence of epilepsy was 5.8‰ in developing countries [2] . However, the etiology and the mechanisms involved are not clear.
Air pollution exerts great threats to human health, especially diseases of respiratory and cardiovascular systems [3, 4] . In recent years, the relationship between air pollution and nervous system diseases has been recognized gradually. Calderon et al report that the sustained exposure to air pollutants can seriously affect pediatric central nervous system [5] . More importantly, the association between air pollution and neurodegenerative diseases is widely accepted [6] .
To date, limited studies have been performed regarding the influence of air pollution on epilepsy. Although improved substantially, China has the worst air pollution in the world [7] . The industrialization, urbanization, and increased vehicle use result in the increased air pollution in major cities [8] . In this study, we investigated the effects of urban ambient air pollution on the attack of epilepsy in Xi'an, a heavily-polluted metropolis in China. We hope our data can provide clues for the associations between air pollution and epilepsy.
Methods

Data collection
Xi'an, with an area of 10,108 km 2 and a resident population of 8.262 million in 2014, is the largest city in northwestern China. It experiences some of the worst air pollution among China's cities [9] . Here, we limited the area in urban districts of Xi'an, an area of 3,586 km 2 with a resident population of 6.565 million. Daily outpatient data were obtained from Tangdu Hospital, one of the largest hospitals in western China. In the outpatient department, the physicians enter medical record data for each patient into the computer system, including individual characteristics (such as gender, age, and residence) and diagnoses. In this study, daily numbers of epilepsy outpatient-visits for epilepsy from urban areas of Xi'an between January 1, 2013 and December 31, 2014 were included. Patient records were de-identified and daily aggregated data were calculated for analysis. There was no individual interaction with patients. The protocol was approved by the Ethics Committee of Third Military Medical University.
Daily (24h) air pollution data including particulate matter less than 10 μm in aerodynamic diameter (PM 10 ), particulate matter less than 2.5 μm in aerodynamic diameter (PM 2.5 ), carbon monoxide (CO), nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), and ozone (O 3 ) from January 1, 2013 to December 31, 2014 were obtained from China National Environmental Monitoring Center. The daily concentrations for pollutants were averaged from the available data of thirteen fixed-site automated monitoring stations in urban areas of Xi'an. All the monitored results reflected the general urban levels according to their strategic location designs. In order to adjust for the potential confounding effects, daily weather data (mean temperature and relative humidity) were collected from China Meteorological Bureau. epilepsy, we controlled the potential confounders such as long-term trend, the day of the week (DOW), and meteorological factors. We fitted non-parametric smoothing terms for the trend on days and a dummy variable for DOW. We applied natural smooth (ns) functions of calendar time. Akaka's Information Criterion (AIC) was used to determine how well the models fitted the data and smaller AIC values of per year for time trends indicated the preferred model (S1 Table) . The effects were stable when 7 or 8 degrees of freedom per year for time were used. Considering the results from AIC and other studies that had been published [10] , 7 degrees of freedom (df) was found to be the best suitable for our current study. We incorporated ns functions of mean temperature (6 df) and relative humidity (3 df) to adjust for the potential nonlinear confounding effects of weather conditions based on published literature [11] . On the other hand, we compared the estimated effects by different degrees of freedoms per year for time, and the stable estimated effects suggested that the basic model was suitable (S2 Table) . We also considered days of week and public holidays in the models as indicator variables. We defined lag effects of different days including both single-day lag from lag 0 to lag 7 and moving average of lag 07 (concurrent day and previous 7 days). As for air pollutants, we examined the delay days on the effects. In addition to single-day lag from lag 0 to lag 7, lag 07 was used to estimate the cumulative effects of pollutants. Residuals of each model were examined to check whether there were discernible patterns and autocorrelation by means of residual plots and the partial autocorrelation function (PACF) plots (S1 Fig). In addition, we also checked the lag effects for temperature, which could reflect the stability of models (S2 Fig) . The independent model is described below:
Here E (Y β ) means the expected number of outpatient visits at day t; β represents the log-relative rate of outpatient visits associated with a unit increase of pollutant concentration; Zt indicates the pollutant concentrations at day t; DOW is day of the week effect; ns(time,df) is the natural spline function of calendar time; and ns(temperature/humidity,6/3) is the natural spline function for temperature and humidity with 6/3 df.
After establishment of the basic models, we determined which pollutants had relationship with epilepsy, investigating the effects of lag days for single pollutants. Second, we investigated whether the associations between main pollutants and epilepsy were sensitive to the adjustment: other pollutants were included one by one as potential co-pollutants with major pollutants at all lag structures. Besides the above methods, we also performed sex-and age-specific analyses and plotted exposure-response relationship curves for main pollutants.
We considered P<0.05 to be statistically significant. All analyses were conducted by R software (version 2.15.1) using the mgcv package. Unless specified otherwise, the pollutant effect was generally expressed as a percentage increase of outpatient epilepsy visits with a 10-μg/m 3 increase of pollutants per day (95% confidence intervals (CIs)). Spearman correlation coefficients between air pollutants and meteorological factors were presented in Table 2 . Except for humidity with PM 2.5 , CO and temperature, there were moderate positive correlation coefficients between pollutants and two meteorological factors. Table 3 summarizes the all-, sex-and age-specific effects for each pollutant on the concurrent days. Positive and statistically significant relationships were observed with both SO 2 (P<0.0001) and NO 2 (P<0.001), the corresponding increases were 3.55% (95%Cl: 1.93%, 5.18%) and 3.17% (95%Cl: 1.41%, 4.93%) with per 10μg/m 3 increase in the concentrations of pollutants. Unexpectedly, O 3 had negative association with epilepsy (P<0.05): a 10 μg/m 3 increase in it was associated with a 0.84% (95%Cl: -1.58%, -0.09%) decrease in outpatient-visits.
Results
In sex-specific analysis, males showed stronger associations for SO 2 (P<0.0001) and O 3 (P<0.01) than females. However, only NO 2 (P<0.005) showed more significant association in females. In age-specific analysis, the effects of NO 2 and SO 2 on children (aged <18) tended to be stronger than those on adult (aged 18-59) and elderly (aged>59) groups. In contrast, the effect tended to be strongest in adult group (aged 18-59) for O 3 . Interestingly, there was no significant effect of air pollutants on elderly group. The most significant effects were evidenced on the concurrent days (lag0 In particular, negative association between epilepsy and NO 2 was evidenced after lag 3, which might be a random and unexplainable result. Fig 2 shows the association between number of epilepsy patients and increase of NO 2 , SO 2 and O 3 concentrations in two-pollutant models. Except for the adjustment of NO 2 for SO 2 , all pollutants' associations were fairly stable after adjusted with others. The associations between epilepsy visits and NO 2 as well as SO 2 were more significant after adjustment for PM 2.5 (4.79% (95%Cl: 2.39%, 7.18%), 4.19% (95Cl: 2.31%, 6.07%)). As for O 3 , the estimated decrease effect was at -1.14% (95%Cl: -1.90%, -0.39%) when adjusted for NO 2 . Fig 3 shows that while the exposure-response relationships for NO 2 and SO 2 were generally linear and positive, O 3 was generally linear and negative with outpatient-visits. From these curves, we did not observe any obvious threshold concentration below which there were no effects. 
Discussion
In the present study, SO 2 and NO 2 had positive relationships with epilepsy visits. Unexpectedly, there was negative relationship between O 3 and epilepsy outpatient-visits. The associations were significant for both males and females, and were more significant for children (aged <18) and adults (aged 18-59) than for the elder (aged>59). When adjusted for PM 2.5 , the effects of NO 2 and SO 2 were more obvious. As for O 3 , we found stronger "protective" effect after adjustment for NO 2 . The lag model showed that the most significant effects were evidenced on concurrent days. Specially, we found a negative association between epilepsy and NO 2 after lag 3, which might be the random and unexplainable result. Considering NO 2 always produces acute health effects, we inclined to focus on the effects on the concurrent days while the results from lag models were used as references. Before our study, only one study reported that epilepsy was influenced by air pollution. In Chile, Cakmak et al found that CO, O 3 , SO 2 , NO 2 , PM 10 , and PM2.5 were all positively associated with epilepsy hospitalization, and the results were not significantly influenced by age, sex, or season [12] . Different from that, only SO 2 and NO 2 were positively associated with epilepsy outpatient-visits here. More interestingly, we showed that O 3 was negatively associated with epilepsy visits, suggesting that O 3 might be a "protective" factor against epilepsy. The difference between our results and those of Cakmak et al might be due to the differences in races, climate, air pollution, or health care levels. NO 2 is an important part of automobile exhaust. Heretofore, the direct evidence of epilepsy induced by NO 2 is limited. In the south of Spain, even low level NO 2 exposure and trafficrelated air pollution had side-effects on neurodevelopment, especially in children [13] . NO 2 exposure also induces the changes of triglyceride, free fatty acids, esterified fatty acid, ganglioside, lipase activity and lipid peroxidation, and eventually leads to impaired nerve function in central nervous system [14, 15] . Our present work added new evidence concerning the neurotoxic effects of NO 2 .
SO 2 is a well-known irritant confirmed to induce respiratory responses. It has also been linked to nervous system disorders such as stroke and headache [16, 17] . Cakmak et al have demonstrated the positive relationship between SO 2 and epilepsy [12] , which was consistent with our findings. The neurotoxic effect of SO 2 has also been supported by animal studies. Sang et al reported the toxic effects of SO 2 on hippocampus, including protein oxidation, DNA-protein crosslinks, and apoptosis [18] . Further work showed that SO 2 may cause synaptic injuries in hippocampus via its derivatives [19] . More recently, chronic SO 2 inhalation above environmental standard has been found to induce neurotoxicities via neuroinflammation [20] . In summary, SO 2 exposure might be an environmental risk factor for epilepsy attacks. However, the mechanisms involved needed to be further clarified.
Though the stratospheric O 3 layer protects human health against excess solar ultraviolet radiation [21] , the O 3 in earth's surface air can be dangerous. However, in the present study, negative association was observed between ambient O 3 and epilepsy. This can be supported by a series of previous studies. León et al provided the first experimental evidence that repeated ozone administration at atoxic doses induces adaptation to oxidative stress, enabling animals to maintain hepatocellular integrity in response to CCl 4 poisoning [22] . Controlled ozone administration also promotes oxidative preconditioning, preventing the damage induced by reactive oxygen species (ROS) and protecting against liver ischaemia-reperfusion (I/R) injury [23] . For epilepsy, the activated A1 adenosine receptors (A1Rs) play a pivotal role in antiepileptic and neuroprotective functions [24] while antioxidant/prooxidant imbalance is an important factor for epilepsy [25] . Ozone can exert its protective effects against pentylenetetrazole (PTZ)-induced epilepsy by re-establishment of cellular redox balance and A1Rs [25] . With the development of clinical applications, reasonability and effectiveness of O 3 therapy are gradually being understood [26] . Medical O 3 , a gas mixture of O 3 and O 2 , has been used as a curative agent for the treatment of different diseases over 150 years [27] . For mechanisms, O 3 has therapeutic properties such as antimicrobial, anti-inflammatory, modulation of antioxidant defense system and apoptosis [27] . By using O 2 /O 3 mixture to re-infusion of autologous blood slowly, ozonated autohemotherapy (OA) has favorable effects on nervous systems diseases, such as neurologic recovery in spontaneous spinal epidural hematoma [28] and antidepressant effect [29] . OA can also improve the level of brain-derived neurotrophic factor in patients with cognitive impairment [29] . Moreover, various cerebrovascular diseases are important causes in epilepsy, especially ischemic stroke [30] , while ozone therapy has a potential role in the treatment of ischemic disorders [31, 32] . However, the neurotoxic effects of excess O 3 exposure are also well-known. Oxidative stress is involved in many neurodegenerative diseases, in which the over-production of O 3 leads to both pathological and functional brain injuries [33] . Moreover, the environmental O 3 exposure is associated with a series of adverse effects within the central nervous system, such as decreased cognitive response, decrease in motor activity and headaches, disturbances in the sleep-wake cycle, cell degeneration, and neurochemical alterations [34] . Taken together, the paradoxical effects of O 3 may depend on its concentration: while high concentration of O 3 may impair nervous system, low level of O 3 may act as a protector. However, more studies are needed to further confirm that.
Nevertheless, limitations should also be mentioned. First, the study design is ecological in nature, which limits its ability for causal inference. The precise personal exposure level of air pollution may differ based on the location, time spent out side, and other factors. Just like most previous time-series studies, we used the average levels to represent the general exposure levels, which may not accurately reflect individual level associations. Though such ecological study design alone cannot demonstrate causality, it provides results worthy of further research [35] . Second, the data were only from urban areas of one city, which made it difficult to generalize the results to rural areas or to other cities. Third, more individual information such as BMI, smoking habits, drug history were unavailable, so we only performed stratified analyses by the data we could get, including sex and age. Fourth, our health data were collected based on two years of the data from only a single hospital, which may not represent the complete situation. Future work with data based on wider areas and longer periods may be helpful to further clarify the association between air pollution and epilepsy attacks. To establish the causal relationship between air pollutants and epilepsy, further epidemiological designs such as cohort studies can be performed in which personal exposure levels can be monitored with more accurate measures (e.g. personal monitors).
Conclusively, we demonstrated that short-term exposure to NO 2 and SO 2 were associated with increased outpatients for epilepsy. On the contrary, O 3 was associated with decreased risk of epilepsy, suggesting that O 3 might be a "protective" factor. Our data may contribute to the limited information concerning the effects of air pollution on epilepsy attacks. 
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